Glycerol, a by-product from biodiesel industry, is a promising feedstock for subsequent bioconversion to highervalue products. Potential application of a mixed microbial consortium on the fermentative conversion of glycerol to ethanol was demonstrated in this study. Maximum ethanol concentration of 11.1 g l -1 was produced after 72 h fermentation from the initial pure glycerol concentration of 45 g l -1
, at 30 °C, and pH 7 under anaerobic conditions, corresponding to the ethanol production rate and yield of 0.34 g l -1 h -1 , and 0.81 mol ethanolmol -1 glycerol, respectively.The microbial consortium yielded lower ethanol concentration (6.5 g l -1 ) but similar ethanol yield (0.85 mol ethanol mol -1 glycerol) when crude glycerol of 45 g l -1 was fermented at the same condition. At the optimum fermentative condition of the pure glycerol, phylogenetic analysis of microbial consortium based on 16S rRNA gene sequences indicated that Gammaproteobacteria represented 95% of the microbial diversity in the consortium while the rest belonged to Betaproteobacteria. The consortium was dominated by bacteria closely related to genera Enterobacter and Klebsiella, which could play the role on conversion of glycerol to ethanol in this system.
Introduction
Biodiesel is a new alternative for renewable energy. The depletion of the fossil fuel resources (e.g., petroleum, coal, and natural gas) and the continuous increase of the fossil fuel price cause the rapid increase of biodiesel demand. This situation leads to a swift growth of biodiesel production, which consequently results the generation of a lot of glycerol wastes from the transesterification in the biodiesel production. Since the glycerol has been dramatically increased over demand of consumption, the prices of glycerol are continuously dropped, and will soon become waste by-product, requiring disposal or treatment with costs [1] .Several methods based on chemical and biological transformations can convert glycerol into more valuable products such as 1,3-propandiol [2] , dihydroxyacetone [3] , succinic acid [4] , citric acid [5] , and ethanol [6] [7] [8] . Ethanol was considered the target product in this study. Since the ethanol is a compound, which is easy for utilizations in many applications such as fuel (e.g., gasohol, E20, E80 and pure ethanol), and can be used in the production of biodiesel, beverage, medicine, antiseptic, and so on. Moreover, the ethanol production cost is mainly governed by feedstock and operational costs. Use of crude glycerol, containing alkali salts, alcohol and other impurities, as feedstock instead of traditional feedstock (e.g. sugar, molasses, and lignocellulosic biomass), for the ethanol production could reduce the production cost approximately 40% [1] . Feasibility of using a mixed consortium as starter seed for fermentative conversion of glycerol to ethanol was examined. Kinetics data of the fermentation process and microbial species at the optimal ethanol production were determined.
Materials and methods

Microbial Inoculum
The microbial seed collected from a full-scale upflow anaerobic sludge blanket (UASB) system (MaleeSampran Public Co. Ltd, NakornPrathom, Thailand) was used for entire experiments. Prior to use microbial seed was washed with distilled water twice to remove wastewater and debris coming with the seed, was suspended in the distilled water. The granule suspension was collected for determining the microbial dry weight.
Culture medium
A cultural medium was prepared in the distilled water with the following constituents (per liter); 7.0 g of K 2 HPO 4 , 5.5 g of KH 2 PO 4 , 1.0 g of (NH 4 [6] . The laboratory grade glycerol (QRec, Auckland, New Zealand) was used as carbon source and energy sources. The crude glycerol waste derived fromtrangpalmoil Co., Ltd, Trang Province, Thailand.The medium was autoclaved at 121°C, 15 psi for 15 min before use.
Experimental setup for ethanol production by microbial consortium
All experiments were setup in 100ml serum bottles with 50ml working volume. Mixed culture was dispensed into the serum bottle containing sterile cultural medium. The final concentration of biomass in the serum bottle was 0.13 g dry cell weight l -1 . Experiments were setup under various conditions, initial glycerol concentrations (0-128 g l -1 ), and pHs (4-7). The optimum condition was used for investigation of ethanol production fromcrude glycerol. The experiment was conducted in duplicates and was incubatedat 30 o C with rotary shaking at 150 rpm. Liquid samples were periodically collected for analysis of glycerol, ethanol and fermentative products.Microbial cells were collected by centrifugation for molecular phylogenetic analysis.
Analysis of fermentative products
Glycerol concentration in the fermentation broth was determined on a high performance liquid chromatograph (Agilent LC1200 Series, USA) equipped with a UV/RI detector, and an Aminex HPX-87H column of 300 x 7.8 mm. (Bio-Rad, USA).Ethanol and volatile fatty acids (VFAs) were determined with Gas Chromatography (Shimadzu GC-7A, Japan) equipped with a flame ionization detector (FID) and
16S rRNA gene sequence analysis of microbial biodiversity
Total genomic DNA was extracted from the microbial cell pellet using the benzyl chloride method [9] . The purified DNA was used as the template for amplification of the full-length 16S rRNA gene using bacterial specific primers BSF8/20 and REVB with DyNAzyme EXT DNA polymerase (Finnzyme, Espoo, Finland), according to Kanokratanaet al. [10] . Sequences of 16S rRNA gene inserts were grouped according to restriction fragment length polymorphisms (RFLP), determined by RsaIand HhaI digestion. Representative samples of each pattern were selected for sequence analysis. Chimeric sequences were identified by the CHECK_CHIMERA program provided at the Ribosomal Database Project II website [11] . Taxonomic classification was performed with the BLAST tool of the NCBI-nr database and RDP sequence match tool to determine their approximate phylogeny.
Results and discussion
Influence of pH and initial glycerol concentration on ethanol production
The microbial consortium showed low capable for ethanol production and glycerol utilization in acidic conditions (pH 4-6) (Fig.1A, 1B) . Glycerol was negligibly utilized at pH 4 for thewhole range of glycerol concentrations (Fig. 1B) , but was completelyutilized at pH 6 ([glycerol]i = 10 g l -1 ) and pH 6.8 and 7.0 ([glycerol]i = 10, 25 g l -1 ). These results pointed that the neutral pH favored theglycerol utilization, whereas the glycerol concentration exhibited a reverse trend of the glycerol utilization. In most of cases, glycerol utilization and ethanol production were negligibly changed after 72 h offermentation. The highest ethanol production at pH 5 and 6 were 0.041 and 0.062 mol l -1 , respectively, when glycerol concentration was 10 g l -1 , whereas that at pH 6.8 and 7 were 0.200 and 0.242 mol l -1 , respectively, when glycerol concentration was 45 g/L (Fig. 1. A) . Themaximum ethanol concentration was observed in pH 7, when the initial glycerol concentration was 45 g l -1 .Moreover, according to the molar fraction of fermentative products at pH 7 and glycerol concentration of 45 g l -1 , ethanol was the predominant fermentative product (data not shown). The optimum pH in this study was similar with previous studies regarding the pH-dependent process of glycerol fermentation [8, 12] .
Ethanol production from glycerol waste
The mixed microbial consortium was examined ability of ethanol production from crude glycerol waste. The cultivation condition used same the optimum condition of pure glycerol with 45 g l -1 initial glycerol waste concentration, which equated to optimum pure glycerol concentration for the highest ethanol production. The ethanol production from crude glycerol waste (6.52 g l -1 ) was quite lower than using pure glycerol (11.1 g l -1 ) (Fig. 2) . This result corresponds with the glycerol utilization, which crude glycerol was used 31.3 %(13.5 g l -1 ), while pure glycerol was used about 62.1 % (27.7 g l -1 ). However, both yield of using crude and pure glycerol were quite similar (0.85 and0.81 mol mol -1 glycerol, respectively). These results indicated that impurities in crude glycerol waste affected to ethanol production. Previous study found that glycerol waste can inhibit microbial growth [7] . 
Microbial community at the optimal ethanol production conditions
Total genomic DNA from microbial sample collected at the optimumethanol production conditions, glycerol concentration of 45 g l -1 , pH 7 after 72 h fermentation, was successfully extracted. Approximately 1,500 bp 16S rDNA wasamplified by PCR. A number of 162 positive clones were selected and analyzed withthe restriction fragment length polymorphism (RFLP) resulting in 19 banding patterns with RsaI and HhaI, respectively. Based on RFLP patterns, 19 representative clones were chosen for sequencing andsubmitting to GenBank. Then, Phylogenetic tree of 16S rRNA gene sequences of microbialcommunity was constructed from sequenced data. Gammaproteobacteriawas the dominant microbes in the community (95%) containing two groups, Enterobactergenus (47.5%) and Klebsiellagenus (47.5%). Minor microbe in the community was Betaproteobacteria(5%), Thaueragenus (Rhodocyclaceaefamily bacterium).Genus Enterobacterand Klebsiellawere reported to capable to covert glycerol to ethanol [7, 13] . 
Conclusion
The current work displayed that Gammaproteobacteria in the starting seed obtained from UASB is dominant at the condition where the optimum ethanol production was achieved. The consortium can use glycerol as a feedstock for ethanol production at the optimum pH and glycerol concentration of 7.0 and 45 g l -1 . Simultaneous production of ethanol from glycerol and waste reduction of the glycerol waste can be applied to management of the glycerol waste released from the biodiesel industry. 
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